We report on SPT-CLJ2011-5228, a giant system of arcs created by a cluster at z = 1.06. The arc system is notable for the presence of a bright central image. The source is a Lyman Break galaxy at z s = 2.39 and the mass enclosed within the 14 arc second radius Einstein ring is ∼ 10 14.2 M . We perform a full light profile reconstruction of the lensed images to precisely infer the parameters of the mass distribution. The brightness of the central image demands that the central total density profile of the lens be shallow. By fitting the dark matter as a generalized Navarro-Frenk-White profile-with a free parameter for the inner density slope-we find that the break radius is 270 +48 −76 kpc, and that arXiv:1703.08410v2 [astro-ph.CO]
the inner density falls with radius to the power −0.38 ± 0.04 at 68 percent confidence. Such a shallow profile is in strong tension with our understanding of relaxed cold dark matter halos; dark matter only simulations predict the inner density should fall as r −1 . The tension can be alleviated if this cluster is in fact a merger; a two halo model can also reconstruct the data, with both clumps (density going as r −0.8 and r −1.0 ) much more consistent with predictions from dark matter only simulations. At the resolution of our Dark Energy Survey imaging, we are unable to choose between these two models, but we make predictions for forthcoming Hubble Space Telescope imaging that will decisively distinguish between them. Subject headings: gravitational lensing: strong 1. INTRODUCTION Cosmological cold dark matter (CDM) simulations suggest a model of hierarchical structure formation that produces a cuspy dark matter (DM) profile. Navarro et al. (1996) found that the halo profiles are universal and well fit by the form ρ NFW (r) = ρ 0 r(r s + r) 2 .
(1)
The mass of a Navarro-Frenk-White (NFW) halo and the scale radius are the only free parameters, and CDM simulations show that these parameters are connected-with some scatter-by a mass-concentration relation (Duffy et al. 2010; Neto et al. 2007 ). However, baryonic physics complicates this simple cold dark matter picture (Gnedin et al. 2004 ): gas can radiatively cool and contract, dragging DM inwards and increasing the central density, but supernovae, active galactic nuclei and dynamical heating can inject energy into the interstellar medium, causing the halo to expand (Pontzen & Governato 2012; Teyssier et al. 2011; Abadi et al. 2010; Laporte et al. 2012 ). Halos will also deviate from NFW if the dark matter is self interacting or if it has a large de Broglie wave length. In these cosmologies the dark matter self interaction creates a pressure that leads to the formation of central cores rather than high density cusps Rocha et al. 2013; Vogelsberger, Zavala, & Loeb 2012) . The central density profiles of halos are therefore sensitive probes of both baryonic feedback effects and the CDM paradigm. Observationally, it has been shown that NFW profiles do not reproduce the central regions of halos over a range of masses. On the scales of dwarf galaxies there is evidence for central dark matter cores (de Blok, McGaugh, & Rubin 2001; Amorisco, Agnello, & Evans 2013) derived from kinematic constraints, however recent simulations have cast doubt on the interpretation of these data (Pineda et al. 2017 ). On the scale of elliptical galaxies there is evidence for cuspy dark matter profiles that are much steeper than NFW. Sonnenfeld et al. (2012) find ρ ∼ r −1.7 for an individual strong lensing galaxy with multiple background sources, and Grillo (2012) found that the average inner DM slope of 38 strong lenses is close to isothermal although these results depend on the assumed stellar mass-to-light ratio.
On the scale of galaxy clusters the central profiles are often seen to be flatter than NFW. Sand et al. (2004) found that ρ ∼ r −0.5 for a sample of 6 strong lensing clusters. Work by Newman et al. (2013a) combining stellar kinematics with strong and weak lensing found thomas.collett@port.ac.uk that the total mass profile in their clusters was consistent with NFW. However, because the total mass profile in those clusters is dominated by the baryonic content of the brightest cluster galaxy (BCG) they inferred that the dark matter profile was significantly shallower than NFW (Newman et al. 2013b ). However either a shallow central dark matter cusps or a cored NFW profile were able to reconstruct the data. Recently Oldham & Auger (2016) showed that the dark matter halo of M87 has a 19 kpc core although the core size is degenerate with orbital anisotropy.
The primary difficulty of previous work on clusters has been the presence of a massive galaxy that dominates the total mass profile at the centre of the cluster. Inference on the dark halo are therefore only as robust as the subtraction of the stellar component.
In this work we present imaging, spectroscopy and modelling of SPT-CLJ2011-5228 (hereafter J2011). J2011 is a M 500 = 2.25 ± 0.89 × 10 14 h −1 70 M cluster (Reichardt et al. 2013) at z = 1.064 acting as a strong gravitational lens with an Einstein radius of 14.01 ± 0.06 arcsecond ( Figure 1 ). The arc system is notable due to the presence of a bright central image. Central images are typically highly demagnified since in dense regions a small perturbation to the impact parameter of a light ray will produce a large change to the deflection angle. To date very few true central images are known (Sharon et al. 2012; Inada et al. 2005; Winn et al. 2004; Colley et al. 1996) , and are typically highly demagnified. The presence of a bright central image in J2011 is therefore an exciting discovery and opens up the possibility to precisely constrain the central dark matter profile of this cluster.
In Section 2 of this paper we present our observations of J2011 using the Dark Energy Camera on the 4m Victor M. Blanco telescope and the GMOS spectrograph on the 8m Gemini South telescope. In Section 3, we describe our lens modelling approach for this lens and present the result of two models for the dark matter distribution in the lens; a one halo model representing a relaxed cluster scenario in Section 3.1 and a two halo model representing a merging scenario in 4. We provide interpretation of the results in Section 5 and conclude in Section 6. Unless otherwise stated, coordinates are measured West, North relative to 20:11:10.611, -52:28:40.12 (J2000) with a pixel size of 0.263 arcseconds. Throughout this work we assume a flat ΛCDM cosmology with H 0 = 67.8 kms −1 Mpc −1 and Ω M = 0.308 (Planck Collaboration et al. 2016 ). J2011 was first reported as one of the 224 galaxy clusters detected in the first 720 deg 2 of the South Pole Telescope (SPT) Sunyaev-Zel'dovich (SZ) survey. The SPT data selection is described in Reichardt et al. (2013) . The cluster has a reported mass of M 500 = 2.59 ± 0.73 × 10 14 h −1 70 M with a detection significance of 4.58 (Bleem et al. 2015) . The SPT collaboration carried out follow-up optical and NIR imaging of these clusters using various telescopes and instruments as described in Song et al. (2012) . In Table 3 of Song et al. (2012) this cluster is noted as having a strong lensing arc. This area of the SPT footprint was imaged as part of the Year 1 (Y1) observations (Diehl et al. 2014; Flaugher et al. 2015) of the Dark Energy Survey (Flaugher 2005, DES) . The DES subsequently rediscovered the system in a targeted visual search of all known SPT clusters in the Y1 footprint and separately in a visual search of red sources with multiple neighbours (H. T. Diehl in prep). The visual scans were performed on false-color PNG images, which are made by combining g, r, i coaddition tiles into color images (da Costa 2016).
DISCOVERY OF A GIANT ARC SYSTEM IN DES AND

SPT DATA
DES Imaging
The lens modelling requires as input an image of the lensed arcs, a sigma image and a point-spread function (PSF) for each band. We use imaging from the first three years of DES to provide this data. The DESDM image processing pipeline (summarized in Balbinot et al. 2015 and described in detail in Sevilla et al. 2011; Desai et al. 2012; Mohr et al. 2012 ) carries out image coaddition for each band and creates a sigma image which is the total uncertainty on each pixel of the coadd image due to noise. The DESDM pipeline also fits a model of the PSF using PSFEX (Bertin 2011; Bertin & Arnouts 1996) . The PSF model is used to generate a model star at the location of the cluster. The default DESDM sigma image only includes the noise from the sky photons and not the photons contributing to the objects in the image. We therefore modified and re-ran the image processing pipeline to generate a sigma image that also includes shot noise from the objects.
With our data, the lensed arc is brightest in the g-band, where there is negligible contribution to the flux from the cluster members, since the Balmer break lies redward of the g-band filter. There is however g-band emission close to arcs associated with two foreground stars (close to A2 and A5), a foreground galaxy (close to A5) plus emission from the BCG (which is close to the central image A4) (potentially produced by an AGN). These foregrounds are fitted with point sources for the stars, and Sérsic profiles for the BCG and foreground galaxy. To ensure flux from the arcs is not attributed to the foregrounds, we simultaneously model the foregrounds and arcs using an elliptical powerlaw density profile for the lens (Barkana 1998 ) and a parametric source with three Sersic components 1 . This lens model is then optimized and the g-band foregrounds subtracted. We use the foreground subtracted g-band data for our lens modelling. The foreground subtracted g-band data is shown in Figure 2 ; it is this data that we use for the lens modelling in Section 3.
Gemini Spectroscopy of J2011
We obtained spectroscopic follow-up observations with the Gemini Multi-Object Spectrograph (Hook et al. 2004 , GMOS) on the Gemini South Telescope, as part of the Gemini Large and Long Program GS-2014B-LP-5 2 .
We targeted four of the red galaxies, labelled G1-G4 in Figure 1 , in the center of the cluster including the Brightest Cluster Galaxy (BCG -labelled G1) along with an-other smaller galaxy close to arc A2 (labelled G5) and the arc features labelled A2-A4 using the multi-object mode on GMOS. We created two masks, one for the galaxies and the other for the arc features. The slits were 1 in width and of varying length in order to accommodate both the object and an amount of sky sufficient to perform reliable background subtraction. For some of the objects, we tilted the slits to maximize the captured flux. The two masks are shown in Figure 3 .
We observed the galaxies and arcs using two configurations with GMOS to cover the full wavelength range from 3250 − 10000Å. We use the R150 grating in conjunction with the GG455 filter in order to obtain spectra with wavelength coverage ∼ 4500−10000Å. If the source is a late-type emission line galaxy, this would allow us, in most cases, to detect [OII]3727 to z ∼ 1.7, H β to z ∼ 1.0 and Ly α in the range z ∼ 2.7−7.2. We use the B600 grating to obtain spectral coverage of 3250 − 6250Å, which would allow us to detect sources with z > 2.0 that emit Ly α . The observations are summarized in Table 1 . The seeing is taken from the Gemini data quality assessment.
An observing sequence consisted of a pair of exposures, followed by a flat-field taken with a quartz-halogen lamp and a calibration spectrum taken with a CuAr arc lamp. We then dithered to a different central wavelength to cover the gap between the CCDs and took a CuAr spectrum, followed by the flat-field exposure and then two more exposures. Exposure times were either 900 seconds or 840 seconds. Dividing the integration time into multiple exposures facilitates the removal of cosmic rays. The data were binned 2 × 2, giving effective dispersions of 0.1 and 0.386 nm/pixel for the B600 and R150 gratings, respectively.
We used the Gemini IRAF package v2.16 3 to reduce all exposures. In each system, for each wavelength dither, we first process the flat field using the gsflat task (this includes subtraction of the bias). Each science exposure in a single dither is then reduced with gsreduce (using the previously processed flat fields), and then the two exposures are combined with gemcombine. Wavelength calibration and transformation are performed on each dither (using the gswavelength and gstransform tasks) before the pairs of dithers are coadded on a common wavelength scale to eliminate CCD chip gaps. We perform sky subtraction and 1D spectral extraction using gsextract, which employs the apall task. Feature identification and redshift estimation are performed using the rvsao IRAF package (Kurtz & Mink 1998 ).
Redshift of the lens
The extracted un-fluxed 1-D spectra for the BCG (G1) is shown in Figure 4 . The characteristic Ca H and K absorption lines present in early type galaxy spectra are visible in the spectra of all five galaxies at λ = 8192Å and λ = 8120Å respectively (indicated by the red lines in Figure 4 ). The redshifts obtained for the five galaxies G1-G5 using a cross-correlation technique (Kurtz & Mink 1998, XCSAO) are listed in Table 3 . The BCG has a redshift of z = 1.0645 ± 0.0002. The average redshift of the five galaxies is z = 1.0644. In addition we obtained 3 http://www.gemini.edu/sciops/data-and-results/ processing-software spectra for two additional galaxies that are likely to be members of the cluster as they have very similar redshifts. They are both about 1.5 arcmin from the cluster center with redshifts of z = 1.0647 and z = 1.0620.
Redshift of the source
The extracted un-fluxed spectra and their ±1σ errors (green spectra) for the arcs A2 thru A4 are shown in Figure 5 for the B600 grating. We detected continuum flux in all three arcs but no obvious emission line features. We do however observe a break in the spectrum at around 4100Å and absorption features at 4410Å, 4517Å and 4720Å. These features are indicative of those found in the spectra of a Lyman Break Galaxy (LBG) (Steidel et al. 2004 ) but with Lyα absorption rather than emission. We perform a cross-correlation (Kurtz & Mink 1998, XCSAO) against the LBG template of Shapley et al. (2003) for all three arcs. The results are listed in Table 2 . The R value in Table 2 provides a measure of the confidence of the redshift extraction and the uncertainty (Tonry & Davis 1979) . The R values for A2 and A3 are both greater than 4 which is an indication of a secure redshift (as defined by Kurtz & Mink (1998) ). The R value for A4 is lower and reflects the lower signal to noise in the spectrum. However the presence of a break in the spectrum at around 4100Å consistent with the ones observed in A2 and A3 and the resulting redshift which is consistent with those obtained from A2 and A3 give us confidence that A4 is indeed a lensed image of the source galaxy. The mean redshift from the three arcs is 2.3880 ± 0.0003. Figure 5 shows the locations of the expected spectral features for an LBG and the red spectrum is the LBG template of Shapley et al. (2003) shifted by the measured redshift. The redshift of the lens and source imply a total mass within the Einstein radius of log 10 (M/M ) = 14.170 ± 0.004. 
LENS MODELLING OF THE LENSED ARCS AND
CENTRAL IMAGE
We model J2011 with a cluster-scale dark matter halo plus subhalos to describe the baryons and dark matter associated with the cluster members and a single Sérsic component light profile to describe the source. The presence of the central image gives us a unique opportunity to test the central density profile of the DM halo. We therefore fit the dark matter with a generalized NFW profile (Wyithe et al. 2001) . This allows us to test models with central cores or shallow cusps.
For the generalized NFW profile we assume the form
where r is the three dimensional distance from the halo centre. The profile is characterised by an inner slope, α, with the density falling as r α , an outer profile slope 3 and a break radius r s . The case of α = 1 is approximately the NFW profile but with a slightly different behaviour in the turnover region. Using (r 2 c + r 2 ) 1/2 in the denominator rather than (r c + r) has the advantage that deflection angles for the spherical model can be calculated analytically (Muñoz, Kochanek, & Keeton 2001) . For computational efficiency we include ellipticity in the lensing potential rather than the density profile; this is a good approximation for almost spherical halos (Barkana 1998) .
In addition to the cluster scale dark matter halo(es), mass is associated with the individual cluster members (Shaw et al. 2006) . We account for this mass by placing isothermal mass clumps in the locations where cluster members are observed. Using the z-band data, we fit the BCG light profile with an elliptical Sérsic profile, and model the other cluster members with circular de Vaucoleurs profiles. For the BCG the ellipticity and position angle of the mass is fixed to those observed for the light profile. The other cluster members are modelled as isothermal spheres. In order to minimimize the number of free parameters in the model, we assume a constant mass-to-light ratio for all the cluster members. The Einstein radius of each component is proportional to the square root of the fitted z-band flux of each component: the constant of proportionality,Υ G , is a free parameter of the model,Υ G is scaled in units such that it is also the Einstein radius of the BCG in arcseconds. The cluster members included in our model are shown in Figure 6 .
The final component of the lens model is an external shear, which allows for perturbative lensing from nearby perturbers (e.g. Holder & Schechter 2003) and line-ofsight structures (e.g. Collett et al. 2013; McCully et al. 2017) .
In order to fully exploit the information content of the central image it is necessary to attempt to reconstruct the light profiles of the lensed images. Full light profile fitting is more computationally challenging than conjugate point methods (as used in Jullo et al. 2007 , for example), however it allows us to use the observed fluxes in many thousands of pixels as constraints on the lens model.
Full light profile fitting requires some assumptions to be made about the unlensed source. Simply parameterized sources are quick to calculate and are robust against predicting images where none are observed, although they often require many non-linear source model parameters (e.g. Brewer et al. 2011) , and the extra sampling negates the computational benefits. More seriously the simplicity of the assumed light profile means that significant residuals are often present in regions of high magnification. These residuals cause simply parameterized sources to underestimate the uncertainties on the lens model (Collett & Auger, In Prep) . Pixellated sources 
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z-band are much more agnostic about the source profile, yielding better fits to the data and more robust estimates of the lens model parameters. However this is only true when the lens model is reasonably close to truth: The high computational cost of pixellated source modelling means that only a small amount of data can be reconstructed-the region including and immediately surrounding the lensed images-and lens models that predict images outside of the reconstructed region are not penalized.
We therefore first optimize our models towards an approximate best fit assuming the brightest observed pixel of the five lensed images are conjugate points, and use this lens model to initialize our full light profile fitting. We only model the parts of the image plane that contain flux from the source (shown in Figure 2) . To avoid the model predicting images outside of the masked region, we cast 100 pixels (outside of the mask) back onto the source plane and discard any model for which these pixels are within the source, defined as the smallest circle containing all five conjugate points. For the best fit model we also remodel the system with a much larger mask and verify visually that there are no extra images predicted.
For the source profile we adopt a pixellated source model, following the semilinear approach of Warren & Dye (2003) . We use an adaptive 50 by 50 grid of square pixels as detailed in Collett & Auger (2014) in order to avoid artificially breaking the mass-sheet degeneracy (Falco, Gorenstein, & Shapiro 1985) . We use curvature regularised sources as favoured by the analysis of Suyu et al. (2006) ; the regularisation encodes the prior that astrophysical sources are reasonably smooth. We follow the Bayesian prescription of Suyu et al. (2006) and allow the data to tell us the optimal degree of source regularization for each iteration of the lens model. Fig. 7.- The best fit reconstruction of the g-band image of J2011, assuming a single gNFW halo for the dark matter. Clockwise from top left: 1) the foreground subtracted g-band data; 2) the best fit model of the lens; 3) the residual after subtracting the model from the data; 4) the best fit reconstruction of the unlensed source. 0,0 is at 20:11:10.611, -52:28:40.12 (J2000) with a pixel size of 0.263 arcseconds Our lens model now has ten free non-linear parameters: two for the centroid of the halo (x lens ,y lens ), one for the Einstein radius of the main halo (θ E ), two for the ellipticity and position angle of the halo (q lens ,θ q ), the inner slope (α) and break radius of the halo (r s ), two parameters for the external shear (γ,θ γ ), and one for the mass-to-light ratio of the cluster members (Υ G ). We probe the posterior of these non-linear parameters using a Markov Chain Monte Carlo method. We use the ensemble sampler of Foreman- Mackey et al. (2013) .
Results: A shallow cusp in the Dark Matter Halo
Applying the model of the previous section to J2011, we find that the DES data can be well reconstructed with an astrophysically reasonable source and a plausible mass distribution for the lens. The best fit reconstruction of the data is shown in Figure 7 . This model has an almost spherical dark matter halo with flattening q = 0.87, a shallow inner density slope, ρ ∼ r −0.35 and a scale radius of 290 kpc, 2.2 percent of the mass within the Einstein radius is in subhalos. We see that the arcs and central image are reproduced with surprisingly small resid- Due to the 1 arcsecond seeing of our imaging, the reconstructed source is not well resolved, however the model predicts that the source has one bright clump and possibly two extended nearby features; this irregularity is typical of the blue sources reconstructed in previous strong lensing studies (e.g. Brewer et al. 2011; Shu et al. 2016 ).
Our MCMC results show that the DM halo requires a shallow central density profile. Figure 10 shows the marginalized two dimensional posterior for the DM halo properties. The inner slope, and scale radius are degenerate, however inner slopes steeper than r −0.55 and scale radii smaller than 100 kpc are strongly excluded, indicating that the central profile deviates from the NFW prediction of r −1 over a large radius. Marginalizing over the other parameters we derive 68 % confidence intervals of α = 0.38±0.04, and r s = 244 +81 −64 kpc. The halo flattening is constrained to be q lens = 0.877 +0.006 −0.007 . The external shear is γ = 0.083 ± 0.005. And the constant of proportionality relating z-band flux to cluster member mass is Υ G = 0.02 +0.02 −0.02 , defined in units whereΥ G is the Einstein radius of the BCG in arcseconds and the Einstein radii of the other members going as θ i = θ BCG (z Flux i /z Flux BCG ) 1/2 .
AN ALTERNATIVE MODEL: TWO MERGING DARK
MATTER HALOS
In the previous Section we found that the arcs and central image cannot be adequately reconstructed by a single (non-generalized) NFW halo, however the generalized NFW gets very close to reproducing the lens system, despite only having a small number of free parameters.
However the fact that gNFW model requires a much shallower profile than simulations predict and the slight underfitting of the central image implies that the true mass distribution may be more complicated than our simple gNFW model allows. One alternative hypothesis is that J2011 is a merger of two (or more) sub halos. We test this theory by adding a second gNFW clump to the model used in the previous section.
Since the halos are no longer guaranteed to be critical, we characterize them by their central convergence, κ s,i , as defined in Equation 3 of Muñoz, Kochanek, & Keeton (2001) and not by their Einstein radius. We also do not include external shear in the two halo model as it is not required to reproduce the data. This model also prefers both halos to be approximately NFW. The model requires most of the mass to be in an almost spherical NFW halo, to the North West of the central image, with a less massive, highly flattened component to the South East. In this model twenty percent of the mass within the Einstein radius is associated with subhaloes. The central density of the two halos goes as radius to the powers 0.99 +0.08 −0.06 and 0.79 ± 0.09 respectively. The break radii are 345 +48 −42 kpc and 48.9 +6.6 −5.6 kpc. We show the convergence map of the two dark matter halos in Figure 11 . Figure 12 shows the convergence of the total density profile for various slices through the central image. Despite the fact that the DM halos and the cluster members are cuspy, the sum of the components gives a remarkably flat profile at the location of the central image.
INTERPRETATION OF J2011 : A TENSION WITH ΛCDM OR A MERGER OF TWO NFW HALOS?
Both the one and two halo models are able to reproduce the observed light profile of the arcs and the central image. The two halo model provides a somewhat better fit to the data. However, the log likelihood (base 10) of the residuals differ by only 17 totalled over 4892 pixels. The two halo model has 5 extra free parameters but also has a comparatively simpler source: the penalization term of the merit function (Suyu et al. 2006 ) prefers the two halo source by 19. Without the source penalization term, the Bayesian Information Criterion (Schwarz 1978) would prefer the one halo model, however with the penalization term it prefers the two halo model.
The source penalization term of Suyu et al. (2006) is however designed to prefer smoother sources, rather than precisely encode a known astrophysical prior about the clumpiness of sources, it is therefore unclear how to use the regularization term in quantitative Bayesian model selection. This same issue has been tackled in time delay cosmography (Wong et al. 2016) , with similarly unsatisfactory conclusions. We therefore conclude that with our data alone, both models are reasonable interpretations for this system.
Choosing between the two models thus reverts to astrophysical priors. From a physical perspective, neither model is totally satisfactory: in neither model is a DM halo centred on the BCG. For the one halo model the DM centroid is offset from the BCG by 30 kpc. For the two halo model, the main DM halo is centred around the clump of galaxies to the North West of the central image. The second DM halo is associated with the pair of galaxies to the South -although given the extreme elongation of this halo it may be more likely that these galaxies are associated with two separate DM halos. The offset between the DM and the BCG in the one halo model is physically unrealistic in ΛCDM (Schaller et al. 2015) , however since ΛCDM should also not create giant dark matter cores, the two problems may be linked. In the two halo scenario it may not be surprising to see an offset between DM and the BCG as the system is not relaxed. The small Einstein radii of the cluster members in the one halo model is also in tension with the typical Einstein radii of galaxy-scale lenses at lower redshifts. The one halo model implies a maximum velocity dispersion of only 60 km/s for the BCG whilst the two halo model gives a velocity dispersion of 219 ± 15 km/s. This may rule out the one halo model, but it could also be due to our simplistic assumptions about the cluster member density profiles.
Both our models assume a single lens plane; neglecting lensing by mass along the line of sight (e.g. McCully et al. 2017 ). There is a foreground spiral galaxy centred 5 arcseconds South East of Arc 5 which we have neglected throughout this work, although it may contribute to the external shear of the one halo model. There is no evidence that it significantly modifies the lensing potential at Arc 5, but even small changes in the geometry of a compound lens can have a significant effect in rare cases (Collett & Bacon 2016) .
Conclusively discriminating between the two models presented in this work will require higher resolution imaging. HST program GO 14630 (PI: Collett) will observe J2011 in cycle 24 -and will trivially distinguish between the two models presented in this work 4 . We show simulated HST images for this program in Figure  13 . The figures are generated assuming the sources are no more clumpy than those reconstructed from the low resolution DES data.
It is clear from Figure 13 that whilst both models yield similar images in the DES data, the predictions for the HST data are very different, with both the shape of the central image and the radial width of the arcs providing tight constraints on the dark matter distribution.
CONCLUSIONS
In this work we have presented SPT-CLJ2011-5228, a giant system of arcs created by a cluster at z = 1 possessing a unique central image. The cluster was already known from SPT Song et al. (2012) , but we have added followup in the form of DES imaging and Gemini spectroscopy.
With our data we have been able to spectroscopically confirm the cluster redshift to be z l = 1.06. The source is a Lyman Break Galaxy at z = 2.39, implying a total mass within the arc of log 10 (M/M ) = 14.169 ± 0.004, consistent with the SZ mass of M 500 = 2.59 ± 0.73 × 10 14 h −1 70 M (Bleem et al. 2015 ) Irrespective of the source redshift we are able to model the density profile of the cluster. By describing the cluster as a single gNFW halo plus isothermal cluster members, we are able to reconstruct the arcs and central image so long as the DM halo is significantly shallower than NFW within the central 270 +48 −76 kpc. We have also presented a two halo model that reproduces the images. In this model both halos are cuspy, but the total profile at the location of the central image is remarkably flat, allowing for the formation of a bright central image that is not demagnified.
At the signal-to-noise and resolution and of our imaging, the merger (two halo) model provides a somewhat better fit to the data than the shallow cusped (one halo) model, but at the expense of extra free parameters. Forthcoming HST imaging will be able to conclusively resolve between the shallow cusp and merger models. The stakes for these data are high, as the one halo model cannot be consistent with the concordance model of cold dark matter unless extreme amounts of baryonic feedback have re-sculpted the halo over hundreds of kiloparsecs. The forthcoming HST data will soon allow us to explain the unique central image of J2011, infer the dark matter profile in this system and perhaps shine a light on the nature of dark matter.
